Introduction {#s1}
============

Fetal brain structure is complex and characterized by rapid growth and dynamic changes from the early stage to term. After embryo stage (which occurs before 10 gestational weeks, GW), early fetal period is considered to be between 10--13 GW, while midfetal period, otherwise known as early second trimester, occurs between 15--18 GW (Vasung et al., [@B32]). Better understanding of human fetal brain development is critical to assess developmental abnormalities that often cause various neurological and psychiatric disorders later in life (du Plessis and Volpe, [@B6]; Glenn and Barkovich, [@B7], [@B8]; Rakic, [@B25]; Saleem, [@B26]). Unlike the internationally accepted Carnegie system staging that is used to describe the human embryonic brain (<https://embryology.med.unsw.edu.au/embryology/index.php/Carnegie_Stages>), there is no standard staging system in place yet for the fetal period. Regardless of this fact, assessments have still been done by both histological and MRI-related studies on human fetal periods (e.g., Kostović and Vasung, [@B20]).

Magnetic resonance imaging (MRI) has potential to show fetal brain structures in a three-dimensional manner. In clinical practice, fetal brain MRI *in vivo* can be obtained routinely from 18 GW to term, and relies primarily on T2-weighted and diffusion-weighted sequences (Prayer et al., [@B23]; Brugger, [@B4]). However, fetal brain MRI from early fetal period to early second trimester is still dependent on*ex vivo* studies due to small brain-size, poor tissue differentiation, and frequent fetal generic movements. Postmortem MRI or MR-autopsy has proven to be a potential diagnostic alternative to conventional autopsy (Huisman, [@B13]; Thayyil et al., [@B29]) because of the advantages in imaging that allows the use of high-field magnets, smaller field of view along with high spatial resolution with increased acquisition time (Zhan et al., [@B33]). Even with this alternative, anatomical studies of human brain development during the early period are surprisingly scarce.

Previous *ex vivo* MRI studies focused on fetal brain structure using 0.5, 1.5, and 7.0 tesla MRI scanners (Brisse et al., [@B3]; Bendersky et al., [@B2]; Huang et al., [@B11]; Zhan et al., [@B33]). The earliest gestational weeks in these studies started at 13 GW. To our knowledge, there are only three review articles (Rados et al., [@B24]; Kostović and Vasung, [@B20]; Vasung et al., [@B31]) that refer to using a T1-weighted sequence on early fetal brain structure at 12 GW but without detailed information about the parameters used or the magnetic field intensity. There is only one original *ex vivo* MRI study that looked at 12 GW but it only focused on the periventricular pathway (Vasung et al., [@B31]). These pioneer MRI studies demonstrated that the cerebral wall has a trilaminar structure at early fetal stage (Rados et al., [@B24]; Kostović and Vasung, [@B20]) and a four to five layer structure at midfetal period (Rados et al., [@B24]; Kostović and Vasung, [@B20]; Zhan et al., [@B33]). On the other hand, histological studies revealed more layers in the cerebral wall (Kostović and Rakic, [@B19]; Kostović and Judas, [@B16]; Kostović and Judas, [@B17]; Bayer and Altman, [@B1]; Rados et al., [@B24]; Huang et al., [@B11], [@B12]; Kostović and Vasung, [@B20]).

Due to rapid improvements of MRI techniques, new sequences and post-processing techniques emerged one after another. Presently, it remains unclear whether a high magnetic field or post-processing techniques can show more detailed structures. That along with a lack of information about T2-weighted sequence in early fetal brain leads to the purpose of this study which focuses on the development of fetal brain structures from early fetal period to early second trimester using *in vitro* T2-weighted sequence studies with histological comparisons. Special attention was paid to the structure of the cerebral wall.

Materials and Methods {#s2}
=====================

Specimens {#s2-1}
---------

The Institutional Review Board at Boston University (BU) concluded that this research involved de-identified fetal tissues, which is not considered human subjects research, and therefore deemed this an exempt project. The Department of Anatomy and Neurobiology at BU approved the use of the specimens at the Boston Children's Hospital (BCH) and related locations necessary for the current research to be completed.

Six human fetal brain specimens, 10--18 GW, were obtained from a brain specimen collection in the Department of Anatomy and Neurobiology, Boston University School of Medicine. Gestational ages were further confirmed based on foot length (Hern, [@B10]). Brain specimens came from either miscarriages or abortions. The inclusion criterion was the absence of known and/or suspected malformations. The specimens were fixed in a 4% paraformaldehyde solution, and stored in the same solution. We first imaged specimens without gadolinium (Gd-DTPA) MRI contrast agent to obtain a closer condition to *in vivo* imaging conditions. The specimens between 15 and 18 GW specimens were successfully imaged without Gd-DTPA, while the imaging contrast in the 10 and 12 GW specimens were too weak. Therefore we fixed the 10 and 12 GW specimens in another 4% paraformaldehyde solution that contained 1 mM Gd-DTPA to reduce the T1 relaxation time while ensuring that enough T2-weighted signals remained (Takahashi et al., [@B28]).

There was no record about the duration of fixation and postmortem times in Boston University. Unlike animal specimens that undergo perfusion processes, human specimens tend to have varied fixation and postmortem durations. It has been reported that fixation and postmortem durations affected tissue properties to some extent (Pfefferbaum et al., [@B22]; Dawe et al., [@B5]). However, conventional structural imaging was possibly less affected by fixatives compared to diffusion imaging (e.g., Pfefferbaum et al., [@B22]). Even though fixation processes reduce the difference of gray/white matter water mobility, the location of the gray/white matter border tends to remain in the same regions over fixation periods. As long as the location of the border remained in the same place, even with a weaker contrast, we believe it possible to detect such a border (in our case, borders of multiple layers) using our method.

MR Imaging {#s2-2}
----------

Fetal brain imaging was performed on a 4.7 tesla MRI system (Bruker Biospin GmbH, Germany). Each fetal brain was immersed in Fomblin oil, and scanned with a custom-made MR coil that had an inner diameter of 60 mm. A spin-echo 2D T2-weighted (T2W) sequence was used for structural imaging. The acquisition parameters were as follows:

TR/TE = 200/8.8 ms, matrix 160 × 160 × 128, NEX = 4, 3D method, for 10 and 12 GW; TR/TE = 6360/42.5 ms, matrix 256 × 256, NEX = 16, 2D multi-slice scan, for 15 GW; TR/TE = 6000/42.7 ms, matrix 256 × 256, 2D multi-slice scan, for 17 GW. Flip angle was 90° for all specimens. Spatial resolution was set to minimum to secure enough signal-to-noise ratio (over 100): 0.13 × 0.13 × 0.13 mm for 10 GW, 0.16 × 0.16 × 0.5 mm for 15 GW, and 0.20 × 0.20 × 0.5 mm for 17--18 GW. The total acquisition time was approximately 2 h for each imaging session.

When using Gd-DTPA, we used the RARE 3D sequence with shortened TR and TE. The TR had to be much longer to achieve T2-weighted imaging contrast when Gd-DTPA was not used to shorten T1 of the sample. Thus, we used multislice 2D instead of 3D sequence for older samples. Because the T1 of the 10 GW sample was much shorter than TR (200 ms), and T2 was also shortened, we used TR/TE 200/9 ms as T2-weighted, and not T1-weighted.

Paraformaldehyde showed very high signal intensity and the Fomblin oil that was used during the scan showed no perceivable signal.

Image Processing {#s2-3}
----------------

Data processing was performed using ImageJ (<http://rsb.info.nih.gov/ij/download.html>). Standard grayscale images were first generated on a 2D viewer, and were spatially smoothed with a 3 × 3 mean filter. Next, images were loaded on a 3D volume viewer and subsequently interpolated with a trilinear function for visualization of resliced images. Then, using a transfer function tool, color-coded images were obtained with a so-called "spectrum LUT (look-up-table) style". The transfer function from grayscale images to color-coded images is summarized in Figure [1](#F1){ref-type="fig"}. Combining three original weighted colors, red, green, and blue, as shown in Figure [1A](#F1){ref-type="fig"}; a color spectrum was generated (Figure [1B](#F1){ref-type="fig"}). The original gray scale (Figure [1C](#F1){ref-type="fig"}) was generated from a simple linear change of % intensity of whiteness (Figure [1D](#F1){ref-type="fig"}). Each one of the total 256 different black/white intensities in Figure [1C](#F1){ref-type="fig"} was transferred to a color corresponding in Figure [1B](#F1){ref-type="fig"}. Note that the same information was projected in both grayscale and color images, and that the chosen colormap aids visualization (i.e., human perception; Figures [2--8](#F2){ref-type="fig"}).

![**Summary of the relationships between an original gray scale and a resulting color scale**. A scheme of the combination of three weighted original colors, red, green, and blue **(A)** and a resulting color spectrum **(B)**. Original gray scale **(C)** was generated from a simple linear change of % intensity of whiteness **(D)**. Each one of the total 256 different black/white intensities in **(C)** was transferred to a color corresponding in **(B)**.](fnana-09-00150-g0001){#F1}

Histology {#s2-4}
---------

After completion of MR experiments, the specimens were sectioned into coronal slices at 4 μm and stained by hematoxylin-eosin (HE) and Nissl at the Boston Children's Hospital Histology Core, Department of Pathology. Then histological images were obtained under a microscope (Olympus CX41).

It should be noted that there are potential differences between the different brain regions shown in Figures 3, [3, 5](#F3){ref-type="fig"} (10 and 15 weeks) and Figure [7](#F7){ref-type="fig"} (17 weeks). The first two are from posterior brain regions shown in Figures [2E](#F2){ref-type="fig"}; Figure [4E](#F4){ref-type="fig"} respectively, whereas [7](#F7){ref-type="fig"} is from a middle part of the brain close to the plane shown in Figure [6C](#F6){ref-type="fig"}. We selected the middle part of the brain in Figure [7](#F7){ref-type="fig"} to match it to a good histology slice, since not all the histology slices were presentable. We noticed that the laminar structures between the different brain regions may differ to some extent. However, looking at Figures [6C,E](#F6){ref-type="fig"} the laminar structure of the posterior brain region shown in Figure [6E](#F6){ref-type="fig"} is generally similar to that of the middle brain region in Figure [6C](#F6){ref-type="fig"}; and such similarity was also observed in color images (Figures [6D,F](#F6){ref-type="fig"}).

![**Coronal view images of anterior, middle and posterior brain regions at 10 gestational weeks (GW)**. The lower row is the color images of corresponding parts of the upper row, which is more visible than the grayscale images in showing the laminar structure and even the nucleus structures. The anterior part consists of the anterior edge of the thalamus, basal ganglia (putamen, caudate nucleus), internal capsule, the ganglionic eminence (GE), lateral ventricles and cerebral walls whose arising part is wedge-shaped **(A,B)**. The middle part of the brain is mainly made up of the thalamus, part of the ganglionic eminence, lateral ventricles and cerebral walls **(C,D)**. The thickness of the cerebral wall in this area is heterogeneous, with the thickest part in the midlateral portion of the outer, and the thinnest in the inferior inner, which is adjacent to the ganglionic eminence **(C,D)**. The posterior part of the fetal brain mainly comprises of the thalamus, lateral ventricles and cerebral walls **(E,F)**. c, caudate nucleus; ge, ganglionic eminence; p, putamen; i, internal capsule; e, external capsule; t, thalamus; h, hypothalamus. The white line in each panel shows the location of the conresponding coronal slice.](fnana-09-00150-g0002){#F2}

![**Magnified MR images and corresponding histological images of the posterior region of the brain at 10 GW**. **(A,B)** Whole coronal sections with thick black rectangles magnified in **(C,E)**. Thin rectangles in **(C,E)** were further magnified in **(D,F)**. Thin rectangle in an hematoxylin-eosin (HE) histology image **(G)** corresponding to the region of **(C,E)** was magnified in **(H)**. All images showed four layer organization in the cerebral wall, including the ventricular zone, subventricular zone, intermediate zone and cortical plate in turn from the ventricle. The color images **(E,F)** more clearly showed the four layer organization than that of grayscale images **(C,D)**, which all correspond to histology **(G,H)** except for the marginal zone. H, histological image, H&E stained.](fnana-09-00150-g0003){#F3}

![**Coronal view images of anterior, middle and posterior brain regions at 15 GW**. **(A,B)** The anterior part is composed of the anterior edge of the thalamus, basal ganglia (putamen, caudate nucleus), internal capsule, ganglionic eminence, lateral ventricles and cerebral walls whose arising part is wedge-shaped. **(C,D)** The middle part of the brain showed the thalamus, part of the ganglionic eminence, lateral ventricles and cerebral walls. The thickness of the cerebral wall is heterogeneous, with the thickest part in the midlateral portion of the outer, and the thinnest in the inferior inner, which is adjacent to ganglionic eminence. **(E,F)** The posterior regions showed the thalamus, lateral ventricles and cerebral walls. The lower row is the color color images of the corresponding parts of the grayscale images in the upper row. c, caudate nucleus; ge, ganglionic eminence; p, putamen; i, internal capsule; e, external capsule; t, thalamus. The white line in each panel shows the location of the conresponding coronal slice.](fnana-09-00150-g0004){#F4}

![**Magnified MR images and corresponding histological images of the posterior part at 15 GW**. Rectangles in the grayscale **(A)** and color-coded **(B)** images were magnified in **(C,D)** respectively, and compared to corresponding histology image **(E)**. All images showed a six layer structure within the cerebral wall, including the ventricular zone, periventricular zone, subventricular zone, intermediate zone, subplate zone and cortical plate in turn from the ventricle, and each layer corresponds to its histological image **(E)**. E, histological image, H&E stained.](fnana-09-00150-g0005){#F5}

![**Coronal view images going through the anterior (A,B), middle (C,D), and posterior part (E,F) of the brain at 17 GW**. The upper row, the grayscale images, clearly showed the laminar structures of the cerebral wall; the lower row is the corresponding color images of the three parts. c, caudate nucleus; ge, ganglionic eminence; p, putamen; i, internal capsule; e, external capsule; t, thalamus. The white line in each panel shows the location of the conresponding coronal slice.](fnana-09-00150-g0006){#F6}

![**Magnified images and corresponding histological image of the middle brain region at 17 GW**. The upper row is grayscale image **(A)** and color image **(B)**. **(C,D)** Magnified images of the rectangles in **(A,B)**. All images showed a five layer structure within the cerebral wall, including the ventricular zone, periventricular zone, subventricular zone and intermediate zone, subplate zone and cortical plate; each layer corresponds to its histological image **(E)**; the border of the subventricular zone (3) and intermediate zone (4) was not clearly differentiated even in the histological image. E, histological image, H&E stained.](fnana-09-00150-g0007){#F7}

Results {#s3}
=======

Cerebral Hemispheres {#s3-1}
--------------------

The most prominent structure seen during early fetal period to early second trimester was the ganglionic eminence (GE; Figures [2](#F2){ref-type="fig"}; [4](#F4){ref-type="fig"}; [8](#F8){ref-type="fig"}), which constituted to a part of the inner cerebral wall, protruding into the ventricles. It showed a very low signal intensity on T2-weighted images and a yellow to red color on color-coded images.

During the early fetal period (10--13 GW), many structures were recognizable as early as 10 GW. We were able to recognize different structures of the telencephalon and diencephalon from the coronal view. The anterior part consisted of the front part of the thalamus, basal ganglia (putamen, caudate nucleus), internal capsule, GE, lateral ventricles and cerebral walls (Figures [2A,B](#F2){ref-type="fig"}). The middle part was mainly the thalamus, part of the GE, lateral ventricles and cerebral walls (Figures [2C,D](#F2){ref-type="fig"}). The posterior part (behind the GE) consisted primarily of the thalamus, lateral ventricles and cerebral walls (Figures [2E,F](#F2){ref-type="fig"}).

The youngest specimen, at 10 GW, had four layers in the cerebral wall for both histology and MRI images (Figures [2](#F2){ref-type="fig"}; Figure [3](#F3){ref-type="fig"}). We confirmed, using histology, the layers in the following order from the ventricle to the cortex: (1) the ventricular zone, which lay close to the ventricular cavity, accounted for approximately 25% of the cerebral wall ([3H](#F3){ref-type="fig"}), and presented as a low signal intensity on T2-weighted images and as light blue to green color on color-coded images (Figures [3C--F](#F3){ref-type="fig"}); (2) the subventricular zone presented as a moderate signal intensity on T2-weighted images and as a yellow band on color-coded images. It was hard to differentiate the subventricular zone from the ventricular zone on the standard grayscale images, while it was clearly delineated from the ventricular zone on the color-coded images (Figure [3](#F3){ref-type="fig"}); (3) the intermediate zone presented as a high signal intensity on T2-weighted images and as a green band on color-coded images (Figures [3C--F](#F3){ref-type="fig"}); and (4) the cortical plate, which lay near the surface of the cerebral wall and was composed of densely packed post-migratory neurons, presented as a low signal intensity on T2-weighted images and as a yellow band on color-coded images (Figures [3C--F](#F3){ref-type="fig"}). In addition, the thickness of the cerebral wall was heterogeneous, with the thickest section in the midlateral portion and the thinnest section in the dorsomedial portions (Figures [2](#F2){ref-type="fig"}; [3](#F3){ref-type="fig"}).

During early second trimester (15--18 GW), the cerebrum grew rapidly (Figures [4--7](#F4){ref-type="fig"}; Kostović et al., [@B18]; Kostović and Vasung, [@B20]). Seven layers were depicted by histology, including the ventricular zone, periventricular zone, subventricular zone, intermediate zone, subplate, cortical plate and marginal zone (Figure [5E](#F5){ref-type="fig"}). All layers, not including the marginal layer, were delineated on the magnified T2-weighted images and color images at 15 GW (Figures [4](#F4){ref-type="fig"}; Figure [5](#F5){ref-type="fig"}). The proportion of ventricular zone was smaller at 15 GW than at 10 GW, accounting for approximately 10% of the cerebral wall ([5E](#F5){ref-type="fig"}).

At 17 GW, three distinctive features were found different from those at 15 GW in addition to the thickened cerebral wall. First, at 17 GW, the border of the periventricular zone was much clearer than in 15 GW, which presented relatively high signal intensity on T2-weighted images and as a blue color ribbon on color-coded images (Figures [6](#F6){ref-type="fig"}; Figures [7](#F7){ref-type="fig"}). Second, at 17 GW, the subplate zone had thickened remarkably, accounting for approximately 50% thickness of the whole cerebral wall, which presented a high signal intensity on T2-weighted images and as a pink color ribbon on color--coded images ([6](#F6){ref-type="fig"}; Figure [7](#F7){ref-type="fig"}). Third, the border between the outer subventricular zone with the inner fiber layer (ingrowing callosal axons) and the ventricular zone could not be separated on MRI images ([7](#F7){ref-type="fig"}). The increasing thickness of the cerebral wall during the early second trimester resulted in a comparatively reduced ventricular size unlike the typical laminar organization seen in early fetal brain (Figures [4--7](#F4){ref-type="fig"}). In addition to the inner cerebral wall thickening faster during early second trimester compared to during early fetal period, the proportion of the ventricular zone became smaller, accounting for approximately 5% of the cerebral wall, and the proportion of cortical plate got thicker at 17 GW compared to 15 GW (Figures [6](#F6){ref-type="fig"}; [7](#F7){ref-type="fig"}).

Basal Ganglia {#s3-2}
-------------

At 10 GW, major structures of the basal ganglia were depicted on T2-weighted MR images and color images (Figures [2](#F2){ref-type="fig"}; Figures [8A,B](#F8){ref-type="fig"}). Subcortical nuclear structures such as the thalamus, caudate nucleus and putamen all displayed relatively low signal intensity on T2-weighted images and navy blue color on color-coded images. They were separated by the developing internal and external capsule, which showed a high intensity signal on T2-weighted images and a blue color on color-coded images ([2A,B](#F2){ref-type="fig"}). At the border of the cerebral wall and basal ganglia, the ventricular zone continued into the GE, which bulged into the ventricle and showed very low MRI signal intensity on T2-weighted images and a yellow to red color on color-coded images (Figures [2,3](#F2){ref-type="fig"}). On the lateral side, the GE encompassed part of the caudate nucleus which demonstrated relatively low signal intensity on T2-weighted images and a navy blue color on color-coded images (Figures [2](#F2){ref-type="fig"}; Figures [4](#F4){ref-type="fig"}; [6](#F6){ref-type="fig"}). As GW increased, the putamen and caudate got larger and the signal intensity got lower ([2](#F2){ref-type="fig"}; Figure [4](#F4){ref-type="fig"}; [6](#F6){ref-type="fig"}; [8](#F8){ref-type="fig"}), while the range of high signal intensity of the internal and external capsules became smaller from 10--17 GW on T2-weighted images ([8](#F8){ref-type="fig"}).

Thalamus and Hypothalamus {#s3-3}
-------------------------

The thalamus was clearly visible at 10 GW, which presented as almost homogeneous low signal intensity on T2-weighted images and as a navy blue color on color images (Figure [2](#F2){ref-type="fig"}). The two parts of the thalamus symmetrically surrounded the third ventricle, and the medial surface of the thalamus constituted of the upper part of the lateral wall of the third ventricle (Figures [2](#F2){ref-type="fig"}; Figures [4](#F4){ref-type="fig"}; [6](#F6){ref-type="fig"}; [8](#F8){ref-type="fig"}). With the post-conceptional age increasing from 15--17 GW, the signals of different parts of the thalamus got lower and more heterogeneous ([2](#F2){ref-type="fig"}; Figure [4](#F4){ref-type="fig"}; [6](#F6){ref-type="fig"}; [8](#F8){ref-type="fig"}). The dorsal thalamus presented as a lower MRI signal intensity on T2-weighted images and as a blue color on color-coded images ([8](#F8){ref-type="fig"}). The ventral hypothalamus showed relatively higher signal intensity on T2-weighted images and was visible as early as 10 GW (Figure [2](#F2){ref-type="fig"}).

![**T2-weighted axial MR grayscale images and color images at 10 GW (A,B), 15 GW (C,D) and 17 GW (E,F)**. During develoment, the cerebral walls became thicker but with heterogeneous speed; the laminar structure became clearer and the proportion of ventricles got smaller. Nucleus-rich structures such as the thalamus, putamen and caudate nucleus became enlarged and their signals were low and heterogeneous on T2-weighted grayscale images; the signal of the internal capsule and external capsule became lower, and the ganglionic eminence became enlarged. See text for details. c, caudate nucleus; ge, ganglionic eminence; p, putamen; i, internal capsule; e, external capsule; t, thalamus. The white line in each panel shows the location of the corresponding coronal slice.](fnana-09-00150-g0008){#F8}

Discussion {#s4}
==========

Detailed laminar structures in the human fetal brain were successfully detected in our postmortem T2-weighted imaging. Our study demonstrated rapid growth and dynamic changes of the laminar structure from the early fetal period to the early second trimester. Developmental changes involving the number of layers and the thickness of such layers were depicted by different MR signal intensities with a color-coding scheme, which were consistent with histological sections. We detected four layers in the cerebral wall during the early period (as early as 10 GW), and five to six layers during the early second trimester, characterized by the emergence of the subplate zone. The major structures of the basal ganglia and thalamus could be delineated on T2-weighted MR images and color-coded images. The color images were visually more helpful than standard grayscale images in showing the laminar structures. To our knowledge, this is the first research study to show fetal brain structure with color-coded images.

The development of the cerebral wall is the most interesting part of the fetal brain structure. Two studies using MRI showed that the cerebral wall at early fetal period was a trilaminar structure and at midfetal period, a five-layer structure (Rados et al., [@B24]; Kostović and Vasung, [@B20]). A recent study using 7.0 tesla and T2-weighted sequences showed four layers in the midfetal period (Zhan et al., [@B33]). Using MRI, our study successfully imaged the cerebral wall of the early fetal period, which is characterized by a four-layer laminar organization, and the early second trimester, which is characterized by five to six layers and specialized with the presence of the periventricular zone and the subplate zone. Six layers were observed at 15 GW on both T2-weighted images and color-coded images, but five layers were found at 17 GW because the subventricular zone merged with the intermediate zone and MRI did not differentiate the border between them, which is similar to studies by Kostović et al. ([@B18]) and Kostović and Vasung ([@B20]). The reason that our study showed more detailed structures in the thin cerebral wall compared to Kostovićc et al. may be due to the use of high-tesla MRI with scan parameters different from theirs, as well as utilizing the use of a small custom-made MR volume coil to obtain high signal-to-noise. In contrast, a previous study using a 0.5 tesla *ex vivo* MRI found only three layers that were differentiated at 16 GW (Brisse et al., [@B3]). Our study also found that the development of the cerebral wall from early to midfetal period was not homogenous across brain regions, with the outer regions growing faster in thickness and volume than the inner regions. The marginal zone was not separated in our MRI images potentially because it was very thin or its signal was very close to the cortical plate but it was observed in the histologic images during our studied period.

In the developing brain, many histogenetic events (neurogenesis, gliogenesis, migration, cell differentiation, axonal elongation and synaptogenesis) proceed within laminar compartments or zones (Paus et al., [@B21]; Jovanov-Milosević et al., [@B14]). Those dynamic changes can be delineated by varying MRI signal intensities on T2-weighted sequences and different colors on color-coded images and confirmed by histology. MR signal changes associated with maturational processes can mainly be ascribed to the changes in tissue composition and organization, which occur at the histological level. MR signal changes include decreases in water content and increasing cell-density, which can be recognized as a shortening of T1- and T2-relaxation times, leading to increased T1-weighted and decreased T2-weighted intensity, respectively (Prayer et al., [@B23]). The ventricular zone is a germinal matrix with a high density of cells (Kostović et al., [@B18]; Bayer and Altman, [@B1]) and is compatible with our results by showing a low signal intensity on T2-weighted images (green color on color-coded images). The periventricular zone is a "waiting" position of fibers with vigorous structural plasticity due to the abundance of extracellular matrixes and guidance molecules (Judas et al., [@B15]), and it appeared as a relatively high signal intensity on T2-weighted images and a blue color on color-coded images (**Figure 7**; Judas et al., [@B15]). The intermediate zone is a migratory and axonal growth zone (Kostović and Vasung, [@B20]), and presented as a moderate signal intensity on T2-weighted sequence and as a pale green color on color-coded images, which encompasses both the subventricular cellular zone and the fetal white matter (Kostović and Vasung, [@B20]). Hence it was not differentiated from the subventricular zone at 17 GW. The subplate was characterized by a very large extracellular space and an abundant amount of different glycosaminoglycans and chondroitin sulfate proteoglycans in its extracellular matrix (Ulfig et al., [@B30]; Kostović et al., [@B18]; Kostović and Vasung, [@B20]). It had high proton density and therefore presented with high signal intensity on T2-weighted images and a pink color ribbon on color-coded images. The cortical plate is a cell-dense area with postmigratory neurons (Kostović and Vasung, [@B20]), thus it presented as a relatively low signal intensity on T2-weighted sequence and as a green color on color-coded images (Ulfig et al., [@B30]; Kostović and Vasung, [@B20]). The proportion of the ventricular zone got smaller and the signal intensity got higher on T2-weighted images going from the early fetal period to the early second trimester. Simultaneously, the cortical plate got thicker and the signal intensity got lower on T2-weighted images. These phenomena likely reflect the dynamic changes of neuronal locations as well as their migrating directions. On the other hand, the signal changes of the thalamus from almost homogeneous to heterogeneous reflected the cellular differentiation and aggregation of the nucleus during the course of development.

The dynamic change potentially related to axons was also depicted by varying MRI signal intensity on T2-weighted sequences and different colors on color-coded images. In our study, some fiber-rich tissues such as the internal capsule showed high signal intensity on T2-weighted images during early fetal period. The range of high signals of the internal capsules got narrower from 10--15 GW, and the signal intensity lowered at 17 GW, thus the color on the color-coded images changed from jade-green to navy-blue during this period (**Figure 8**). Those changes are associated with maturational processes of axons, which reflect the early dynamic change of axonal density and myelination during its development.

There are some differences between *in vivo* and *ex vivo* studies of fetal brain MRI. First, fetal brain MRI before 18 GW is mainly dependent on*ex vivo* studies due to smaller brain-size, poor tissue differentiations, and frequent fetal movements (Brugger, [@B4]). However, over 18 GW can be available *in vivo* or *ex vivo* studies. Second, *ex vivo* imaging provides the benefits of high resolution and high signal-to-noise-ratio at the cost of long image acquisition sessions, which, are not practical *in vivo* (Takahashi et al., [@B28]). High spatial resolution obtained on postmortem brains can be compared at microscopic levels due to the absence of subject movement and unlimited MRI acquisition time (Kostović and Vasung, [@B20]). Third, the method of specimen preparation, using a size-optimized sample container and an MR coil (Takahashi et al., [@B27]), and the postmortem specimens can be histologically examined and co-registered with MRI images, allowing detailed three-dimensional quantitative measurement and qualitative assessment (Kostović and Vasung, [@B20]). In this way, our study was able to obtain high-resolution images, which were consistent with histologic slices.

Color-coded images were transferred from grayscale intensity with a scheme shown in Figure [1](#F1){ref-type="fig"}; in which a band of grayscale changed into a visible color spectrum by combining the three primary colors red, green and blue. This kind of color spectrum was found to be useful for detecting laminar structures in the thin cerebral walls. For example, the ventricular zone is a cell-rich area that presented as a low intensity signal on T2-weighted images, which corresponds to the first grayscale band (Figure [1](#F1){ref-type="fig"}), and transferred into a green color on the color-coded images (Figure [3](#F3){ref-type="fig"}). The subventricular zone presented as a moderate signal intensity on T2-weighted images, which corresponds to the second grayscale band (Figure [1](#F1){ref-type="fig"}) and transferred into a yellow color on the color-coded images (Figure [3](#F3){ref-type="fig"}). It is not easy to differentiate the subventricular zone from the ventricular zone on grayscale images, but it is clearly delineated on the color-coded images (Figure [3](#F3){ref-type="fig"}). This is the same with the periventricular zone, which is line-shaped at 15 GW, and delineated from the ventricular zone on color-coded images (Figure [5](#F5){ref-type="fig"}). Thus, the color-coded images greatly enhanced our visibility to identify laminar structures. However, even with usage of spectral processing fetal laminae weren't discernible along the entire telencephalic wall. This might be due to the spatio-temporal differences in intensity of histogenetic processes.

There were some limitations in our study. First, the sample size was very small since it had not been easy to get many whole brain specimens in early fetal stages. Second, although the thickness of each layer structure except for the most outer layer (marginal zone) was more than one voxel, it is possible that our results were affected by partial volume effects. For example, at the 10 GW, if the subventricular zone contained a whole voxel along the radial direction to the brain surface, neighboring two voxels towards the ventricular zone and towards the brain surface may have contained a part of the subventricular zone and neighboring layers, which would have caused spatial smoothing of signals from those layers. The subventricular zone could have also been across two voxels along the radial direction to the brain surface, where the two voxels likely contained both the subventricular zone and neighboring layers, which would have caused spatial smoothing of signals as above but this time both voxels contained the subventricular zone. In any case, the thicknesses of the layers detected by color-processed MR images in the current study were potentially a little thinner or thicker depending on the locations of imaging voxels across the layers. Histologically, the midfetal period brain has seven layers within the cerebral wall (Kostović et al., [@B18]). However, our MR images could not differentiate the border between the subventricular zone and the intermediate zone at 17 GW because the signals in the two layers were either very close to each other, or the subventricular cellular zone merged with the intermediate zone (fetal white matter) as seen in the previous study (Kostović and Vasung, [@B20]). It is also possible that the marginal zone was not separated in MRI images because it was very thin and the signal was similar to that of the cortical plate, or because it was affected by partial volume effect.

It should also be noted that the spectral processes used in this study did not differentiate laminar structures along the entire telencephalic wall, for example in a whole coronal plane. With the reserve of limitations already mentioned in this study, the spatio-temporal differences of MRI signal intensity might be partially driven by spatio-temporal regional variations of neuronal migration, cellular differentiation, dendritic arborization, and axonal ingrowth and outgrowth. The fact that during this period of development drastic histogenetical changes occur, it is challenging to delineate borders of transient fetal zones even on the certain histologic sections. Although this study did not explore detailed regional variations of the development of laminar structures, it is an important direction of research on human fetal brains since such variation may be a source of variety of spatially localized, specified human brain functions.

We presented T2-weighted imaging results in this study because the T2-weighted signaled significantly better-dissociated fetal brain structures than the T1-weighted signal, which is consistent with current clinical MRI (Gholipour et al., [@B9]). The current gold standard sequence for fetal structural imaging is a single-shot Fast Spin Echo (referred to as HASTE on Siemens scanners). Since it is a single shot sequence, its contrast is not purely T2-weighted, however, it is "T2-weighted-like" images of the fetal brain with fast imaging per slice. HASTE is rarely used in post-natal imaging, due to its sub-optimal contrast. Therefore, there is a potential that our current *ex vivo* MR findings with histology validation could be a reference for clinical fetal MRI. It is also important in future studies to test more detailed correlations between observations from MRI and histology, using multiple staining methods (e.g., see reviews by Kostović and Judas, [@B16]; Kostović and Judas, [@B17]) with multiple MR sequences.

Conclusion {#s5}
==========

In this study, we demonstrated that a four-layer-structure could be found within the fetal cerebral wall as early as 10 GW, and five to six layers could be detected during the early second trimester using a high tesla MR scanner and appropriate parameters. The T2-weighted sequence and color-coded images proved to be as reliable as the macroscopic anatomical examination for depicting fetal brain development *ex vivo* from early fetal period to early second trimester, which enriches the appearance of MR imaging for fetal brain structures. Given that our current results might be affected by partial volume effects and was demonstrated only in limited brain regions with limited number of specimens, further studies are needed to collect more cases with different gestational ages to constitute a normal atlas at multiple different gestational weeks.
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